Microstructural analyses and wear behavior of the cemented carbide tools after laser surface treatment and PVD coating  by Neves, Davi et al.
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Adhesion  is  one  of the  most important  characteristics  of  coating  on cutting  tools.  Poor coating  adhesion
on  the  tool  favors  fragmentation  and  release  of  hard  abrasive  particles  between  the  tool  and  the  work-
piece.  These  particles  interact  with  the  surfaces  of the  tool,  accelerating  its  wear  and decreasing  tool
life.  One  possible  solution  is  the use  of  laser  texturing  prior  to  coating  in order  to  achieve  a desired  sur-
face topography  with  enhanced  adhesion  properties.  In the  texturing,  a  high-frequency  short-pulse  laser
changes  surface  characteristics,  generating  resolidiﬁed  material  and  selective  vaporization.  This work
evaluated the  effectiveness  of  laser  texturing  in improving  the substrate–coating  adhesion  of PVD coated
cemented  carbide  tools.  To  this  end,  the  substrates  were  textured  with  a Nd:YAG  laser,  in  four  different
intensities,  and  then  coated  with  a  PVD  TiAlN  ﬁlm.  To  ascertain  the  effectiveness  of  laser  texturing,  Rock-
well C  indentation  and  turning  experiments  were  performed  on  both  textured  tools  and  conventionalaser texturing unlasered  tools.  The  PVD  coated  laser-textured  tool  showed  better  performance  in the  indentation  and
turning  tests  than  the standard  tools.  A  comparative  evaluation  of tool  wear  mechanisms  indicated  that
texturing did  not  change  the  wear  mechanisms,  but  altered  their  importance  to tool  wear.  The  anchoring
provided  by  the  higher  roughness  of  the  textured  surface  increased  the  adhesion  of  the  coating  on  the
substrate,  thus  increasing  tool  life. Additionally,  the  chemical  modiﬁcation  of  the  carbide  grains  due  to
the  laser  heating  might  be  responsible  for an  enhanced  adhesion  between  coating  and  substrate.. Introduction
The treatment of surfaces is one of the main factors for con-
rolling the adhesion between coating and substrate on a cutting
ool. The tool’s surface properties can be modiﬁed by different types
f surface treatment, thereby improving the adhesion and, conse-
uently, the tool’s performance [1]. Several processes have been
mployed to treat the substrate before applying the coating and to
ncrease the interfacial bond toughness like water peening in cer-
ets [2], water peening and chemical etching for diamond coating
3], grinding, micro-blasting and water peening for (Ti,Al)N coating
4], micro-blasting at low and high pressure, polishing, as well as
ombinations of micro-blasting with glass-blasting at low pressure
5] cathodic arc ion etching and magnetron sputtering [6,7]. One
f the most usual processes is abrasive sandblasting. The effect of
his process on the target surface depends on the size and kinetic
nergy of the abrasive grain. High energy impacts of a large grain
n the cemented carbide surface cause large plastic deformation
nd induce compressive residual stresses. The use of small abrasive
∗ Corresponding author. Tel.: +55 19 35213303; fax: +55 19 32893722.
E-mail address: anselmo@fem.unicamp.br (A.E. Diniz).
169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2013.06.033© 2013 Elsevier B.V. All rights reserved.
grains reduces plastic deformation of the surface and the presence
of abrasive fragments on it [4]. When this process is applied to
cemented carbide substrates, some Co is removed from the sur-
face because it is softer than the other phases, such as WC,  TiC and
TaC. This process contributes to eliminate high carbides peaks by
erosion and to create new valleys where Co particles were ablated,
contributing to the adhesion between substrate and coating. The
enhanced adhesion is then due to better mechanical anchoring of
the coating to the substrate enabled by an optimized topography
[5].
The use of water jet or abrasive blasting, although very known in
toolmakers industries, remains on the manual ability of operators
and usually produces poorly reproducible surface patterns. Addi-
tionally surface contaminations could be a serious issue to the tool
performance. Finally, green manufacturing guidelines usually point
out reduction of water and consumables as goals for sustainable
industrial procedures.
The use of laser to prepare the substrate surface to receive
the coating has proved to be an advantageous alternative for
surface preparation [8]. Laser ablation is not only suitable for
process automation, treatment of selected areas and complex sur-
face processing, but also enables the precise removal of material
with practically no thermal damage of adjacent zones [9]. When
face Science 282 (2013) 680– 688 681
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Table 1
Properties of the laser pulse incident on the cemented carbide.
Condition A B
Average power (W)  9.0 15.0D. Neves et al. / Applied Sur
aterials are laser processed, different laser–material interaction
echanisms, thermal or non-thermal, can be triggered by vary-
ng the process parameters (beam power, intensity distribution,
ulse form, frequency and duration), which determine the physical
ature of the process [10].
The laser treatment of WC–Co surfaces is a non-contact tech-
ique which transfers large amounts of energy to a small region
elimited by the laser beam diameter. Absorption processes occur
n the cemented carbide surface, whose reﬂectivity plays an impor-
ant role in the laser’s efﬁciency. The energy absorption of cemented
arbide surfaces varies from 76 to 77% at a wavelength of 1064 nm
nd it is 85% at a wavelength of 355 nm [10]. This absorption
romotes a localized increase in temperature, which may  cause
blation, i.e., a controlled explosion of liquid and gas phases
ue to the rapid heating. Considering the cemented carbide sub-
trate, under low laser intensity the carbide phases remain almost
ntouched, with only the top peaks being melted. Cobalt vapor-
zes due to its high vapor pressure and, therefore, the overall effect
s quite similar to abrasive sandblasting. Under high intensities,
emented carbide melts, presenting numerous scattered surface
oles with an average size of 3–5 m through which underlied
ases are released [11]. The removal of material occurs mainly
hrough ablation; hence, the thermal properties of carbide and
obalt play an important role [10].
When a cemented carbide surface is irradiated with a pulsed
aser beam, thermal stresses occur during the heating and cooling
ycles due to the rapid expansion and contraction of the irradi-
ted region. Depending on the properties of the cemented carbide
nd the energy and duration of the laser pulse, levels of stress far
xceeding the elastic limit can be generated, which may  result in
lastic deformation and cracking in the laser irradiated region. This
s particularly true of carbides due to their high melting point and
ow thermal conductivity, which promote high temperature gra-
ients. High residual stresses occur due to the difference between
he thermal conductivities of carbide and cobalt, which may  cause
racking in the carbide phase. The ﬂow of melted cobalt toward the
ree surface may  also favor its increased concentration close to the
urface [12].
Uhlmann et al. [13] showed that laser texturing of cemented
arbide (wavelength  = 355 nm,  focal diameter of 15 m,  pulse
uration of 10 ps, pulsing frequency of 500 kHz, energy per pulse
f 1 J, at a speed of 1 m/s) increases its surface roughness and the
oncentration of cobalt at the surface, irrespective of the initial con-
ition of the surface. Laser ablation increases the adhesion between
oating and substrate such that, in scratch tests, failure occurs in
ither the coating or the substrate. Laser treatment had shown to
e more efﬁcient than abrasive ﬂow machining (AFM) to improve
oating adhesion.
A variation of the texturing process carried out in air is the tex-
uring of a target surface submerged in liquids. Its purpose is to use
art of the light energy to vaporize water and form conﬁned plasma.
hen the plasma collapses it produces a shock wave in the liquid
nd in the solid. Shock waves thus generated in the liquid adjacent
o the surface carry particles away, causing a very efﬁcient cleaning.
ater also cools the surface more effectively than air, reducing the
verall heating even more [14].
Arroyo et al. [15] performed milling tests to compare laser-
reated against commercial tools. Their results indicated that there
as no difference between the average tool life of the laser-
extured and commercial MT-CVD tools. The wear proﬁle of the
aser-treated and commercial tools showed no remarkable differ-
nces. No signiﬁcant differences in wear were found between the
xperimental laser pretreated and commercial sandblasted tools.
oth laser treated and sandblasted tools presented similar tool
ear mechanisms, which included diffusion, attrition, abrasion and
hipping.Peak power (kW) 6.9 11.5
Pulse energy (mJ) 0.9 1.5
On the other hand, milling tool life tests on compacted graphite
iron showed the superior performance of laser textured PVD coated
tools. The increased tool life of laser pre-textured tools coated
with TiAlN and AlCrN can be attributed to the stronger mechan-
ical anchoring of the coatings on the substrate. Modiﬁcation of the
substrate by laser radiation ensures a standardized texture, while
microblasting creates a texture with disordered orientation, which
does not ensure uniform mechanical anchoring of the coating [16].
In terms of using laser texturing on the substrate surface of
cemented carbide tools, one point must still be addressed: What
are the correct laser parameters to get the best coating–substrate
adhesion and, consequently, the longest tool life? Just few works
touched this point. The purpose of this work was to evaluate the
effectiveness of laser texturing using different laser power, with the
targeted sample under water and in the air, aiming to improve the
adhesion between the coating layer and substrate of PVD coated
tools and, consequently, improve tool life.
2. Materials and experimental procedures
The surfaces were textured using a frequency-doubled diode-
pumped Nd:YAG laser system comprising a power source, a laser
head and a computer to control the system. The laser wavelength
was  532 nm (green), the pulsing frequency was  10 kHz, the pulse
length was  130 ns, the spot diameter was 0.2 mm and the maximum
power was 15 W at the workpiece. A set of prisms and lenses that
directed the beam to a scanning system ensures the position of the
pulses on the target surface. To control texturing of the entire sur-
face, the distance between the centers of two  neighboring pulses
was  0.07 mm.  The surface was textured three times and a 60◦ incre-
mental rotation was  applied between texturing runs.
Samples of TNMG 160408 QM1005 ISO grade P15 cemented car-
bide inserts (the tool supplier identiﬁes this carbide grade as 1005)
were gotten from the manufacturing process prior to the cleaning
operation preceding the PVD process. This cemented carbide grade
was  composed only of WC and Co. Before texturing, the inserts
were analyzed by scanning electron microscopy (SEM) and X-ray
diffraction (XRD). After texturing the inserts returned to the regular
manufacturing process for coating application. Fifty energy disper-
sive spectroscopy (EDS) analyses were performed along a line in
each textured insert to identify changes in cobalt concentration.
Eight inserts were laser textured under the conditions A or B as
described in Table 1. These tools were, then, PVD coated with a
TiAlN layer.
After the coating process, the inserts were analyzed again by
SEM and XRD, followed by an evaluation of the coating adhesion
by standard Rockwell C indentation tests. Indentations were made
at three points on each insert clearance face, two  adjacent to the tip
(close to the cutting region) and one in the central region distant
from the cutting region. Since the inserts had three clearance faces,
each insert was indented nine times. The indentations were ana-
lyzed in a stereomicroscope linked to a computer through a camera
under 50× magniﬁcation.
Dry cylindrical turning experiments were performed to evalu-
ate and compare the life and wear of the laser textured and PVD
coated inserts with those of commercial tools, hereinafter called
standard tools, which had the same substrate, coating and geome-
try. These experiments were carried out on a CNC lathe with 15 kW
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Table  2
Laser texturing and machining conditions.
Texturing Turning parameters
Average laser power (W)  Environment vc (m/min) f (mm/rev) ap (mm)
9
Air
300
0.1 0.5
360
Water
300
360
15
Air
300
360
Water
300
360
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f power in the spindle motor and maximum spindle rotation of
500 rpm. Table 2 lists the experimental parameters. Some of the
aser-texturing processes were performed with the sample target
ubmerged in a 4 mm  thick layer of water, as also shown in Table 2.
The turning workpieces were cylindrical SAE 1045 steel bars
ith normalized dimensions of 100 mm diameter per 250 mm
ength, which were ﬁxed on the lathe chuck and tailstock, leaving
n unobstructed length of 230 mm  available for cutting. Each tur-
ing experiment was concluded when the tool reached a ﬂank wear
f VB = 0.3 mm.  This point was considered the end of tool life. All the
xperiments were performed in triplicate. Tool wear was measured
everal times during the experiment using a stereomicroscope.
. Results and discussion
The SEM analyses of as received cemented carbide substrate
evealed a homogeneous grain structure, with an average grain
ize of 0.6 m and a few grains of ∼3 m (less than 1%). The average
oncentration of Co elements in the substrate surface was  5.8%. Suc-
essive EDS analyses along a line revealed the absence of surfaces
ith cobalt segregation before treatment, i.e., the cobalt concen-
ration was homogeneous along the insert surface.
The photomicrographs in Fig. 1 illustrate the effect of laser tex-
uring on two surfaces; one textured at 9 W and the other at 15 W
oth in air. The image of the surface textured at 9 W (Fig. 1(a))
ndicates that the incident energy was insufﬁcient to promote com-
lete melting of all the surface carbide grains, since some partially
elted grains remained in several regions. The grain boundaries in
he melted region (right upper corner of Fig. 1(a)) were completely
elted, without the presence of solidiﬁcation cracks. The EDS anal-
sis of the substrate textured at 9 W did not show any cobalt-rich
egions; the cobalt content of this substrate was less than 5%.
Fig. 1(b) (surface textured at 15 W)  shows complete melting of
ll the surface carbides. The entire sample shows the presence of
ores formed by the released gases. Some pores are connected by
mall cracks, but they are not visible throughout the whole sample.
imilarly to 9 W condition, the EDS analysis along a line on the
urface textured at 15 W also found no cobalt-rich regions, even
hen the analysis was made close to the pores. Therefore, laser
exturing caused a slight decrease in the surface Co content, which
as, on average, 5.8% before texturing.
After coated, all the surfaces showed numerous defects (Fig. 2(a)
nd (b)), like the droplets adhered to the coating surface in Fig. 2
riginated from the PVD coating process. Their average size was
 m,  which is larger than the average grain size of the substrate.
hese droplets increase the roughness of the coating ﬁlm and may
ork as crack initiation points, contributing to the adhesion of chips
n the tool [17].
A higher magniﬁcation close to the substrate–coating inter-
ace (Fig. 2(c)) revealed a coating defect that hampers an accurate300
0.1 0.5360
measurement of its thickness. The average of 10 measure-
ments indicated that the coating thickness was 1.8 ± 0.2 m,
which is about three times the average grain size of the
substrate.
Fig. 3 clearly shows the difference between the textured and
standard surfaces when the effect of texturing on adhesion was
evaluated by the indentation method. No delaminating areas or
cracks at the edges of the indented regions were visible on the
textured surface, regardless the power (9 and 15 W)  and the envi-
ronment (air or water). Samples textured in water showed some
micro-detachments close to the indentation marks, but the coating
remained adhered to the surface. On the other hand, the standard
inserts showed a large area of coating detached around the inden-
tation. One explanation for this enhanced adhesion of the textured
tools compared with the standard ones is the mechanical anchoring
of the coating provided by the texturing process.
Textured surfaces presented higher surface roughness than
standard substrates. The average roughness (Ra) was 0.43 and
0.62 m for conditions 9 W and 15 W,  respectively, compared to
0.26 m for the standard substrate. This leads to the assumption
that the textured substrate surface acts as a barrier against slipping
of the coating layer, thus increasing the coating–substrate adhe-
sion. Moreover, a rougher surface provides a larger area of contact
with the coating, because the layer material might penetrate into
the roughness valleys.
Fig. 4 shows three X-ray diffractograms of the tool before
coating. Fig. 4(1) represents the standard substrate cleaned by
sandblasting. All the peaks seen to be related to the WC  carbide,
without noticeable Co peaks, revealing a Co-free surface. Fig. 4(2)
and (3) shows the substrates submitted to 9 and 15 W laser power,
respectively. The peaks (a), (b) and (c), identify the WC1−x phase
formed as a consequence of partial decarburizing during laser
treatment. The differences between 9 W and 15 W conditions are
connected to the intensity of the peaks, because decarburizing
increases with increasing temperature for the same processing
time. Laser-induced chemical reactions allowed the migration of
carbon atoms out of WC grain, forming the non-stoichiometric
WC1−x.
Fig. 5(1) shows the diffractogram of a standard tool before and
after coating. Coated samples present two extra peaks identiﬁed
(a) and (b) in Fig. 5(1). These peaks belong to the TiN (osbornite)
phase.
Fig. 5(2) shows the laser-textured cemented carbide (15 W)
before and after coating. Before coating, black curve in Fig. 5(2),
extra peaks belonging to the WC1−x appear approximately at the
same position of the TiAlN peaks. Indeed the ﬁrst four diffraction
peaks of the non-stoichiometric carbide WC1−x (36.98, 42.89, 62.03
and 74.20◦) [22] are very near to the diffraction angles of the TiAlN
coating (36.70, 42.63, 61.89 and 74.13◦) shown by the red line in
Fig. 5(1).
D. Neves et al. / Applied Surface Science 282 (2013) 680– 688 683
Fig. 1. Effect of laser radiation on the substrate microstructure: (a) surface textured in air with P = 9 W and (b) surface textured in air with P = 15 W.
Fig. 2. Defects of the coated inserts: (a) rake face; (b) clearance face and (c) substrate–coating interface.
Fig. 3. Indentation marks on the textured and standard surfaces.
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Fig. 4. Diffractogram of cemented carbide before coating: (1) sandblasted cemented carbide, (2) 9 W laser textured cemented carbide and (3) 15 W laser textured cemented
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Both materials belong to the same Fm−3m(225) space group
ith a cubic crystal system with crystal lattice parameters a, b and
 of 4.2355 A˚ for the WC1−x and 4.2390 A˚ for the TiAlN. Therefore,
aser texturing produces a chemical modiﬁcation in the carbide
xposed grains leading to a new phase with lattice parameters
imilar to the TiAlN phase.
Besides mechanical anchoring mechanisms caused by the
igher surface roughness already cited, other possible explanations
or the good adhesion of the coating on the substrate promoted by
he laser process can be built. Firstly, the laser action cleans the sur-
ace, removing all its contaminants. Secondly, the localized heating
Fig. 5. Diffractograms of the standard (1) and laser texturcauses ablation and chemical reactions on the surface, which decar-
burize the surface of the grains. The short time duration of the laser
pulse (100 ns) keeps the reactions on the surface layer of the car-
bide grains. The new phase WC1−x nucleates epitaxially from the
WC grains and presents a crystal structure with lattice parame-
ters very similar to the coating parameters (difference of 0.08%).
Thirdly, the TiAlN phase grows from a very similar crystal struc-
ture offering conditions for enhanced chemical bonding between
coating and substrate. This explanation agrees with Hultman and
Sundgren [18] which states: “For PVD coatings grown at low tem-
peratures, the adhesion can also be improved by using substrates
ed with 15 W and (2) tools before and after coating.
D. Neves et al. / Applied Surface Science 282 (2013) 680– 688 685
Fig. 6. Tool ﬂank wear curves of a
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hat are structurally similar to the coating materials. A structural
nd chemical matching between coating and substrate results in a
ow interface energy, and thus, promotes high adhesion”.
Fig. 6 shows the tool ﬂank wear curves obtained using cut-
ing speeds of 300 and 360 mm/min  in the turning experiments.
ach curve represents an average of the results obtained in three
xperiments performed in each speed condition. This ﬁgure clearly
llustrates the longer lives of the textured tools compared to the
onventional tools. At this point, it should be noted that all the
ank wear curves (Fig. 6) presented the same behavior. After a short
ransient, the curves reached a constant slope that is approximately
he same disregarding surface preparation, using laser or not. Then,
epending on the cutting time, the slope suddenly increases as a
esult of wearing of the cutting edge. It is reasonable to assume that
he point at which the slopes changed indicates where the coating
ad been removed and the substrate start to have contact with
he chip and workpiece, thereby accelerating tool wear. Therefore,
hese curves indicate that the textured surfaces were able to hold
he coating for longer periods, thus extending tool life.
Fig. 7 illustrates the tool lives obtained in all experiments.
ach bar represents the average tool life for the three replications,
hile the error bars represent the dispersion of the replication
esults.
The results in Fig. 7 indicate that the higher coating–substrate
dhesion of the textured tools presented in Fig. 3 resulted in longer
ool lives than those obtained with standard tools. The tool life
btained with the tools textured at 15 W was on average double
hat of the standard tools. As can be seen in this ﬁgure, the textur-
ng performed with a power of 15 W produced tools whose service
ife was longer than that of tools textured at 9 W.  However, under-
ater texturing did not result in the increase of the tool lives, sincet did not improve the adhesion between coating and substrate, as
lready was perceived in Rockwell C tests (Fig. 3). Additionally, it
ould be veriﬁed that a 20% increase in cutting speed (from 300 to
60 m/min) caused an average 75% reduction of tool life.ll the turning experiments.
When texturing is done in water, refraction takes place. The dif-
ference between the refraction indexes of air and water changes
the laser beam path before reaching the sample.
The beam waist increased in the case of water covered samples
because of the defocusing. The defocusing is due to different refrac-
tion indexes of water and air, and thus decreased the intensity and
ﬂuence on the sample surface. This fact attenuates the severity of
the laser interaction with carbide, causing smaller roughness on
the carbide surface. The WC1−x phase fraction generated is very
low in under water-texturing when compared with the air condi-
tion. Since the WC–WC1−x formation is driven by laser heating, and
water environment provided much more heat transfer than normal
air, the occurrence of WC1−x phase was decreased in underwater
experiments.
The Rockwell C tests proved to be consistent with the machining
test for qualifying the better processing parameters. The only result
that was  not completely consistent was that obtained with the tools
textured at different laser powers. The indentation results showed
no difference between the tools textured at 9 and 15 W,  and the
life of tools textured at 15 W was longer than that of tools textured
at 9 W.  The reason for this discrepancy may  be that the static load
imposed on the tools by indentation tests did not sufﬁce to high-
light the difference in adhesion between these two textured tools.
Only dynamic tests like the machining tests were able to impose a
sufﬁciently high load on the tools to reveal the difference in adhe-
sion between the tools textured at 9 W and at 15 W.  However, it
should be kept in mind that texturing at 15 W generated rougher
surfaces than texturing at 9 W,  which enabled stronger mechanical
anchoring of the coating to the substrate and thus resulted in longer
tool life. It is possible to suppose that an even rougher surface ﬁn-
ish would eventually produce better results than those obtained at
15 W.  However, the experimental apparatus is limited to this power
level. Ohring [19] reported that an increase of surface roughness in
the region where a sudden change in material occurs (from the sub-
strate to the coating material) contributes to increase mechanical
anchoring, thus contributing to better adhesion between coating
and substrate. Tönshoff et al. [2] also stated that the larger con-
tact area resulting from increased surface roughness improves the
adhesion of PVD coating to the substrate. On the other hand, the
mechanical attachment efﬁciency of the coating–substrate system
must reach a maximum, given by the current mechanical conditions
during cutting operation.
Fig. 8 shows the ﬂank wear is one of the standard tools
used in the turning experiments performed at a cutting speed
vc = 300 m/min. The purpose of analyzing these SEM micrographs
is to identify the wear mechanisms that caused the end of life of
the cutting edge. These photomicrographs were therefore taken
at the end of tool life. In this ﬁgure, it could be noted that the
main defects was caused by notch wear. Note, also, that ﬂank wear
occurred (region 3 in Fig. 8(a)) between the notches (regions 1 and
686 D. Neves et al. / Applied Surface Science 282 (2013) 680– 688
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 in Fig. 8(a)), but it was much smaller than the notches. Therefore,
otch wear increased at a much faster rate and was responsible for
he end of tool life.
Pavel et al. [20] asserted that the mechanical action of the chip
dge, oxidation and chemical interaction between chip and tool
re the mechanisms that generate notch wear. Notch wear caused
he removal of the tool coating and was triggered by the attrition
echanism. Attrition wear can be described as the cyclic adhesion
nd removal of workpiece/chip material from the tool, which also
auses removal of tool particles. Under these conditions, micro-
copic particles of the tool are pulled out and dragged away together
ith the material ﬂow [21]. The occurrence of attrition is indicated
y the abundant presence of chip/workpiece material (Fe) in the
otch region. This was detected in the EDS analysis of points 1 and
 also depicted in Fig. 8(a).
Unlike regions 1 and 2, whose coating ﬁlm was completely
emoved (Fig. 8(a)), the central region of the wear land (region 3 –
ig. 8(a)) showed intact coating ﬁlm (without exposure of the sub-
trate). A magniﬁed image of this region (Fig. 8(b)) reveals a surface
ith abrasive marks (scratches parallel to the cutting direction).
his region was devoid of droplets (see Fig. 2(a) and (b)), indicating
hat the abrasion mechanism was responsible for their removal.
hese droplets, together with the particles removed by abrasion,
cted as a third body in the abrasion process. The height of the
brasive scratches was 45 m at the moment of the end of tool life.
his ﬁnding indicates that the abrasion process, that very likely
as stronger in the region of notch wear (board of the chip–tool
ontact) due to the harder chip edge, caused the coating removal
n this region and, consequently, opened the way for the attrition
echanism, what, as already said, triggered the notch wear. This
nding also indicates that, in the other experiments in which ﬂank
ear (not notch wear) was responsible for the end of tool life, and
he attrition mechanism was responsible for the increase in ﬂank
ear (as will be discussed in greater detail later), the initial wear
echanism was abrasion. Therefore, the coating ﬁlm was removed
y the abrasion mechanism, creating the necessary conditions for
he adhesion of chip/workpiece material on the wear land, which
s indispensable for the attrition mechanism to occur.
Fig. 9 shows the ﬂank wear land of a textured tool (9 W of laser
ower in air) processed at a cutting speed of 300 m/min. At the
eginning of the turning tests, the textured tools presented minor
otch wear with an average height of no more than 150 m,  which
s smaller than the tool life criterion (VB = 0.3 mm).  Regardless of
he laser texturing condition, this wear mechanism was the ﬁrst to
ppear and was detected by stereomicroscopic observation during
he tests. As the experiment continued, other ﬂank wear mecha-
isms became predominant and the notch wear stabilized, unlike
hat occurred with the standard tools. Therefore, it can be con-
luded that the higher substrate–coating adhesion enabled by the
exturing process succeeded on halting the progression of notch
ear. One of the causes of notch wear is the mechanical action of thev. (a) View of the ﬂank wear land and (b) magniﬁcation of region 3.
chip edges against the tool [21]. Therefore, due to the high adhesion
promoted by the texturing process, the chip edges were too weak
to remove a large quantity of tool particles, thereby preventing the
progression of notch wear.
A large adhesion of chip/workpiece material is visible in the
ﬂank wear land in Fig. 9(a) (in this image, note the strong presence
of Fe detected by EDS). Detail 1, which is magniﬁed in Fig. 9(b),
shows the minor notch wear present in this wear land. Visible
between the notch and the region with adherent material are abra-
sion marks with heights of about 55 m (see Fig. 9(b)), which was
not sufﬁcient to expose the substrate.
After reaching a value of no more than 0.15 mm,  the notch wear
stabilized and the region of adhesion depicted in Fig. 9(a) became
predominant in the ﬂank wear land. The removal of the coating ﬁlm
which enabled the adhesion of the chip/workpiece material on the
ﬂank face, and hence, the occurrence of the attrition phenomenon,
was  very likely caused by the abrasive process, as indicated by
the abrasive scratches illustrated in Fig. 9(b). After the coating was
removed from the ﬂank face by abrasion, the adhesion of workpiece
material prevailed in the formation of ﬂank wear, as indicated in
Fig. 9(a).
Adherent material is cyclically renewed during the cutting pro-
cess. Rubbing against the workpiece removes this material from the
ﬂank face, the workpiece ﬂow carries it away and a new portion of
chip/workpiece material adheres to the wear land. However, the
connection between adhered material and tool is not broken at
their interface. Frequently, this break occurs in the tool material
and hard tool particles are removed through the workpiece ﬂow,
rubbing against the workpiece and tool and acting as a third body
in the abrasion mechanism. This phenomenon is a second source
of wear in the attrition mechanism (the ﬁrst is the removal of tool
particles through the removal of chip/workpiece material), which
further aggravates tool wear [21]. Since the tool life obtained with
the tools textured with a laser power of 15 W was  longer than that
obtained with the tools textured at 9 W,  and since the wear mech-
anisms on the tool textured at 15 W were very similar to those on
the tool textured at 9 W,  it can be assumed that the higher coat-
ing adhesion obtained with higher laser power delayed, but did
not change, the wear mechanisms. Additionally, when the coating
started to wear, a more ﬁne and regular pieces of the coating were
detached in the 15 W condition, thus causing less tool damage.
A comparison of the wear mechanisms of the standard and
textured tools indicated that they presented the same wear mech-
anisms. All the mechanisms acting upon the standard tools were
also active in the textured tools. However, because the texturing
increased the adhesion between the coating ﬁlm and the substrate
(see Fig. 3), it changed the signiﬁcance of the wear mechanisms. All
the tools showed notch wear, which was  responsible for the end of
tool life of the standard tools and also shortened their service life.
The formation of notch wear was  accelerated by the lack of adhe-
sion between the coating ﬁlm and the tool substrate. In the textured
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[Fig. 9. Flank wear land of a textured tool (9 W of laser power in air). vc = 300 m/
ools, the notch formed at the beginning of tool life stabilized after
eaching small heights (much smaller than the tool life criterion).
he progression of this wear was inhibited by the strong adhesion
hat texturing promoted between coating and substrate, which pre-
ented the coating from becoming detached at the cutting edge.
ne of the main factors that trigger the notch wear mechanism is
brasion of the tool by the chip edges, which are very hard due to the
ardening they undergo in response to the strong deformation to
hich they are subjected. The higher coating–substrate adhesion
f the textured tools hindered the removal of coating fragments,
ausing the chip edges to rub against a very hard surface, i.e., the
oating. Therefore, the mechanism of notch formation in textured
ools was much slower than in standard tools. Once the notch for-
ation was hindered, attrition assumed a more important role in
he formation of wear, and was the mechanism responsible for the
nd of tool life of textured tools.
Although the hypothesis of mechanical anchoring of the coat-
ng to the substrate due to the higher surface roughness of laser
extured surfaces has been cited repeatedly in this paper and in
he literature as the cause for the greater adhesion of the coating
o the substrate of laser textured tools, other effects may  be also
onsidered.
One important aspect of the partial decarburizing during laser
reatment is that the WC1−x and TiAlN phases present almost the
ame crystal structure (cubic crystal structure, class Fm−3m-225)
nd similar lattice parameter. Since the decarburizing of cemented
arbide occurred in a tiny layer next to the grains exposed to the
aser radiation, it could be presumed that a composition gradient
ext to the upper surface of the carbide grains occurred. Also, as the
oating crystal structure is very similar to the exposed grain struc-
ure (WC1−x) the growth could occur epitaxially. If a pure epitaxial
rowth could be promoted here, the enhanced adhesion charac-
eristics of the laser treated cemented carbide tools were due to
wo separated mechanisms: (a) mechanical anchoring due to the
nduced roughness and (b) chemical afﬁnity between substrate and
oating.
. Conclusions
Based on the results of this work, and in conditions similar to
hose used here, it can be concluded that:
Laser textured substrates presented increased roughness without
inducing cobalt segregation toward the free surface.
Substrate laser texturing induced the formation of WC1−x car-
bides replacing the WC  carbides of the original substrate.
The WC1−x phase produced at the grains surface by the laser treat-
ment has crystal structure very similar to the TiAlN phase of the
coating.
The adhesion between the TiAlN PVD coating and the substrate
(measured by the Rockwell C indentation method) of the laser
textured tools was better than that of the standard tools.
[ = 0.1 mm/rev. (a) View of the ﬂank wear land and (b) magniﬁcation of region 1.
• Laser texturing in air produced slightly better coating–substrate
adhesion than texturing in water.
• The ﬂank wear curves indicated that the laser textured tools kept
their coating longer in the turning experiments, thus increasing
the tool life.
• The laser textured tools had longer tool lives than the standard
ones. The tools textured in air with the higher laser power showed
the longest tool life.
• The kind of wear responsible for ending the tool life was notch
wear in the standard tools and ﬂank wear in the laser textured
tools.
• The mechanism that produced notch wear (likely the abrasion
between the hardened chip edges and the tool) was  hindered
by the stronger adhesion between coating and substrate of the
laser-textured tools. This prolonged the tool life and caused the
attrition wear phenomenon to be responsible for the formation
of ﬂank wear in laser textured tools.
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